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I Polymorphism of lipids, nucleic acids,
and their interactions

D.D. Lasic, D. Papahadjopoulos and R. Podgornik

Introduction

While nonliving’ nature creates large and  well-ordered  systems, such as
monocrystals some meters long which, however, are characterized by a rather
simple structure, the ‘living” nature creates much more complex structures of
relatively complicated (macroimolecules. These include self-assembly of lipid
molecules into structures with complex topology and the ability to compart-
mentalize space (Lasic, 1993 Fvans and Wennerstrom, 1995 Lipowsky and
Sackmann, 1995 Lasic and Barenholz 1996a,bi Another example is molecules of
nucleic acids that can store and duplicate information and also use it for spatially
and temporally  controlled  function.  molecular construction, and action
Bloomfield et al., 1974; Saenger, 198 1: Watson et al., 1983). The functioning of living
systems s based not only on the order, organization, and accompanying
information, but also requires rapid diffusion of this intformation and molecules
supporting it between various compartments and through barriers separating
them. Therelore, the organization in living systems is based on hiquid crystalline
rather than on crystalline systems where the diffusion is oo slow 1o support
biological systems.

Lipid bilayers and other lipid phases as well as DNA and its hquid crystalline
structures are the best-known examples of supermolecular and supramolecular
organization in biology. However, we should not forget that many other molecules,
molccular aggregates, or cells in living tissues actually form and function as liquid
crystalline phases. In addition to the structural and dynamic information of hipid
bilayers, DNA itself possesses not only external conformational mtformation but
also internal genetic information encoded in the sequence of bases. The aim of
molecular biotechnology is to tailor this genetic information e zefro and express the
genes in exogenous cells and organisins.

In recombinant DNA technologies and genetic engineering nucleic acids are
introduced into cells by physical methods ‘e.g. electroporation; or simple chemical
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treatment (e.g. calcium—phosphate precipitation). The delivery of genes into
appropriate cells in vivo in gene therapy involves more complex techniques, which
at present use mostly synthetic viral constructs or lipid-based systems. Among
micelles, mixed micelles, emulsions, and liposomes, the latter have shown by far
the most promise. In order to discuss the interaction of liposomes with DNA and
the delivery of these complexes into cells, we shall briefly review the polymorphic
behavior of each system and their mutual interactions.

Polar lipids are molecules containing a hydrophilic and hydrophobic part.
Therefore, these molecules form ordered structures in aqueous solutions. Lipids
give rise to structurally very rich phase diagrams, although it seems that in living
systems predominantly lamellar and to a much lesser extent hexagonal and cubic
phases, along with isotropic micellar phases, are present. For instance, cell
membranc is actually a picce of a fully swollen lamellar phase self-closed into a
spherical bag (with various distortions), which contains numerous proteins
associated with it to carry their function. The richness of different phases formed
by lipids depends on molecular geometry and interaction properties of lipid
molecules.

Similarly, DNA molecules organize into highly ordered structures at higher
concentrations or upon interactions with particular agents. This normally results
in various forms of condensed DNA in which the hydrodynamic molecular volume
can be reduced up to a millionfold if compared to the DNA volume in solution. The
structural diversity of DNA mesophases is determined by the stiffness of the DNA
molecule, strong interactions between opposed duplexes in condensed phases,
cffects of the phosphate backbone charges as well as much weaker, and as yet
poorly understood, chiral interactions characteristic of its double helix form. While
there are no strong attractive interactions between negatively charged nucleic acids
and negative or neutral liposomes, there are strong interactions with positively
charged liposomes. They can be used to complex DNA and transfer it into
appropriate cells invitro or in vivo.

Lipid polymorphism

Lipid molecules organize into ordered structures to maximize hydrophilic and
minimize hydrophobic interactions (Tanford, 1980). The solvation of the polar
head groups and dispersive interactions of the hydrocarbon chains of the lipid
molecules provide for the negative contribution to the frec energy during
formation of those structures. The positive contributions to the free encrgy result
from the repulsive interactions of the polar head groups, including steric and
clectrostatic repulsion. The hydrophobic effect, i.e. the increase in entropy of the
solvent during segregation of the polar and nonpolar groups is the fourth major
factor causing ordering and sclf-assembly. As a result lipid molecules sclf-assemble
nto different microscopic structures, such as bilayers and micelles {spherical, rod-
like or disk-like), which, especially at higher concentrations, can further pack into
macroscopically ordered phases, such as lamellar, hexagonal and cubic. In addition,
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the morphology of these macroscopic phases depends on interparticle interactions,
which can be repulsive or attractive. The latter ones are van der Waals and ion
correlation attraction, while the major repulsive interactions are electrostatic,
steric, hydration, undulation, and protrusion forces - Israclachvili, 1985). These
amphiphilic systems can be macroscopically homogencous and continuous {often
referred to as lyotropic liquid crystals), or can be dispersed into colloidal
suspensions. Typically such suspensions are macroscopically isotropic but contain
local order and organization. In general, a tensorial order parameter describes
their structure {de Gennes and Prost, 1993).

A useful parameter to describe the shape of the repeating units in liquid
crystalline phases or macroscopically isotropic solutions of colloidal particles is the
so-called packing parameter (Israclachvilic 1985 Briefly, in the cases where the
cross-section of the hydrophobic part - is similar (o the arca of the polar head
of the lipid, these molecules pack into flatbilayers with zero curvature e = 00 Ath >
a inverse structures with negative curvature form. such as inverse micelles and
inverse hexagonal 1 phase. At @ > b normal micelles ¢« > 0) are observed. which
can form isotropic phases or pack into liquid crystalline phases, such as hexagonal
I phase. Cubic phases are typically different three-dimensional (3D networks of
minimal surfaces defined by zero mean curvature.

Figure 1.1 shows the morphology of various lipid phases and particles. These are
mostly thermodynamically stable structures. which can form macroscopically
ordered liquid eryvstalline phases or stable colloidal dispersions. The morphology ot
these phases changes with lipid concentration and temperature. Low temperature
phases are normally lamellar in which tilted - crvstalline phase Le or ripple phase
P, or nontilted 1., and Ly lipid bilayers form 3D, two-dimensional (2D, or
one-dimensional 1D crystalline or gel phases. Terminology from thermotropic
liquid crystals can be also used. Briefly. these phases are smectic, and SmA
deseribes 2D fluid with no tilt while a varicty of SmC phases with different indices
encompass tilted phases with different degrees of 2D order. In- these phases.
hydrocarbon chains of lipid molecules are frozen. Upon melting, liquid crystalline
phases with 1D lamellar L, 1, 2D (hexagonal 1T L or 3D cubicr positional order can
form. The most frequently formed phases are micellar, lamellar and hexagonal,
Normal hexagonal phase consists of long cvlindrical micelles ordered 1 a
hexagonal array, while in the inverse hexagonal T phase water channels of inverse
micelles are packed hexagonally. Inexcess water such arrays are coated with a lipid
monolayer. The morphology of these phases can be maintained upon therr
(mechanical) dispersal into colloidal dispersions. Despite the fact that energy has
to be used to generate dispersed mesophases, relatively stable colloidal dispersions
of particles with lamcllar, hexagonal, or cubic synunetry can be formed.

In the presence of a water-immiscible organic phase emulsion droplets can
assemble. In regions of phase diagram which are rich in water, oil-in-water
emulsions and microemulsions ¢ >0; can be formed. In contrast, in oil-rich
regions these spherical particles have negative curvature and are, therefore, water-
in-oil emulsions. The intermediate phase between the two is a bicontinuous
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Figure 1.1 Lipid polymorphism. In acueous solutions lipid molecules self-assemble into
various structures which can organize macroscopically into- different phases or form
1sotropic colloidal solutions. Various types ol liposomes are shown in the middle of the
figure. Large multilamellar vesicles can have hundreds of concentric bilayers and can be up
tomillimeters indimensions. while large unilamellar vesicles are typically inthe size range of
1001000 nm. The thickness of the membrane is typicallv Fnm.
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emulsion. which has zero average curvature. As will be discussed for liposomes. only
microemulsions can form spontancously fanalogously to micelle formation; while
for the tormation of a homogencous emulsions some energy has to be dissipated into
the systen,

Fine structure of these phases, as well as the size and shape of colloidal particles,is
probably determined by the molecular geometry of lipid molecules, their aqueous
solubility and effective charge, as well as weaker interactions, such as intra-
molecular and intermolecular hydrogen bonds, stereoisomerism, and mteractions
within the medium. Obviously, these phases depend on the temperature, lipid
concentration, and electrostatic and clectrodynamic teractions with the solvent
and solutes. Tn the case of charged lipids, the effects of counterions especially
antons. may also be important. Tonotropic transitions have been observed with neg-
atively charged phospholipids in the presence of metalons leading 1o aggregaton
and fusion Papahadjopoulos e al.. 1990 . Tn cationic amphiphilesicwas shown tha
simple exchange of counterions could induce micelle vesicle wansition “lalmon ¢
al 1983 - Lipid polvimorphism is very rich and even single component lipid systems
canlorm avaricty of other phases, including ribbon-like phases. coexisting vegions,
and varions stacks of micelles of different shapes « Luzzat et al . 1960

As mentioned above, lipid polymorphism includes notonly various phises as a
function of composition, but also phase transitions as a function ol temperature,
pressire. tonie strength, and counterions Duzgunes ef al 1983 Straubinger efal ..
19683 . Since Hipid bilavers, either in amellar phase oras iposome membrane s Care
the most important phase in current applications we shall brictlv review phase
changes of lipid bilavers. ACvery low temperatures o 3D ervstal exists inowhich
tilted Tipid bilavers are stacked together. Upon heating, various rearrangements in
the 2D ervstalline bilavers start to happen, including loss of 2D order 1y and ult

Iy With a further increase in the temperature at the gel liud crvstal phase
transition the untileed or rippled bilaver Py phase. changes o a hilaver
membrane with disordered 2D polar heads and fluid hydrocarbon chams. rermied

Lg' La

T %%388 @@@58
R = s — T

Temperature

Pre- Main
transition transition

Figure 1.2 \lLiin phase transitions in the lipid bilaver. Liposomes are typically m disordered
fluid phase L, Below the phase transition temperature, the fluid hydrocarbon chains treeze
resulting i the formation of so-called ripple phase Pyoand solid ordered bilavers |
Addition of cholesterol increases the order in fluid - disordered s phase and veduces the order
in the solid “ordered; phase. Above a certain critical concentration of cholesterol 333 mol®o
for fecithin bilaverss the phase transition is abolished and the svstem is i afluid phase ina
wide temperature range.
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L., phase (Figure 1.2). Liposome bilayers can also undergo such phasc transition.
Electron microscopy has revealed fluid phase, rippled, and crystalline phases in
which spherical liposomes transform into polyhedral liposomes due to very high
values of bending clasticity of crystallized bilayers. ( Lasic, 1993; Frederik, 19961
Figure 1.3 shows freeze fracture electron micrographs of liposomes in fluid. ripple.
and solid phases.

The isotropic colloidal solutions of self-assembled lipid particles are most
frequently used for complexing with nucleic acids in medical applications.
Therefore, we shall mainly concentrate on micelles, mixed micelles, and
liposomes. The macroscopic lamellar phase is probably not of interest for gene
delivery, while inverse micellar and inverse hexagonal phases may be important in
various bilayer interactions, such as fusion.

In contrast to liquid crystalline phases and micellar solutions, liposomes are in
general not a thermodynamically stable phase but rather a kinetically trapped
system. This conclusion can be easily inferred from the fact that energy in the form
of ultrasound. extrusion {pressure), homogenization, or other forms of mechanical
or chemical energy has to be used to prepare liposomes. However, in the case off
highly charged and asymmetric  bilayers in low ionic  strength media.
thermodynamically stable liposomes can form spontancously ( Gebicki and Hicks,
1973; Hargreaves and Deamer, 1978; Lasic, 1988 Lasic et al . 1988; Kaleretal. 1989 .
Typically, these spontancously formed liposomes ave oo heterogencous o he
practically uscful. However, by carcfully balancing  clectrostatic and steric
interactions, extremely homogeneous spontancous vesicles have heen prepared
recently @ Joannic et al., 1997). In this system. the spontancous breaking of
symmetry of the density of the surface-attached polymer between the two leafles
of the bilayer causes nonzero spontancous curvature. On the other hand., infinite
swelling of lipid bilayers is known to produce a large fraction of small unilamellar
vesicles (Hauser ef al., 1986). Accordingly, swelling of cationie hipids in low ionic
strength  aqueous media  with simple  agitation alveady produces mostly
unilamellar and few-lamellar liposomes in the size range 300 600 nm. Tn certain
cases simple vortexing of swelling lipid films can be used o prepare cationie
liposomes for DNA condensation and transfection. Numerous vesicles generated in
living cells are also created by the input of chemical energy indicating that hife itscell
from a lipid bilayer prospective, is an irreversible and energy driven process.

While lamellar phases can be dispersed into iposomes, the hexagonal and cubie
phases can be dispersed into stable colloidal suspensions of smaller fragments of
these phases termed “hexasomes’ and ‘cubosomes.” However, utility ol those
structures in drug and gene delivery remains to be determined.

Generally speaking, since vesicles are not in a thermodynamically stable state we
cannot calculate their size distribution like those of micelles or microemulsion
droplets, for instance. Nevertheless, we can express some other properties of
liposomes using various thermodynamic functions. These properties include
specific heat of phase transitions, lateral compressibility, and bending modulus. All
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Figure 1.3 Llcciron micrographs of liposomes in thuid - A rvipple B and solid - €0 phase.
Upon lowering of temperature, the bending clasticiey of bilayers inereases and the spherical
shape A changes into polyhedral - Cobecanse the hilavers are too rigid to curve mto a
sphere. Anintermediate: phase contains vipples and was also observed in- fime Tipid
particles, such as liposomes B For the thuid Tiposomes multilamellar vesicles of cgy
phosphatidvlcholine are shown A while the other two stracturves  Bo G are: Large
unilamellar liposomes front dipalmitovl phosphatidvicholine.
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this simply means is that liposomes are objects, which are characterized by specific
finite-size effects.

Liposomes can be prepared by a variety of techniques (Bangham, 1983; Lasic,
1993). For large-scale applications, extrusion of large multilamellar vesicles
prepared by hydration of lipids or homogenization are mostly used. The first
method yields liposomes with easily controllable size distributions (Olson et al.,
1979) while the latter is used for the preparation of smaller liposomes (Mayhew et
al.,1984). Hydration can proceed from dried lipid films, lyophilized cakes (typically
from tertiary butanol), or spray-dried lipid powder, as well as by injection of lipid
solutions in ethanol or propylene glycol into the aqucous phase followed by dialysis
to remove the organic solvent (Lasic, 1993).

Liposomes, which can be small (S), large (1), or giant {G) unilamellar (U,
oligolamellar (O), or multilamellar (ML) vesicles, are not the only colloidal form
of bilayer-forming lipids in aqueous suspensions. In some systems, such as
phosphatidylserine aqueous mixtures in the presence of Ca’" | a different structure
was observed - cochleae cylinders, which are rolls of larger lipid bilayers
(Papahadjopoulos et al., 1975). These particles have found apphcations in drug and
gene delivery. In many synthetic hpid systems similar structures, termed lipid
tubules, were observed (Spector et al., 1996). These structures are actually self-
closed cylinders, open at the ends. It appears that such 2D continuous structures
arc favored when (chiralj bilayers freeze and molecules tilt in the bilayers, because
tilted bilayers cannot self-close into a spherical particle without significant detects,
which are energetically unfavorable compared to the open ends of the cylinders.
Polymorphism of colloidal lipid particle morphology also includes multi-
compartment liposomes (microscopic globules of foam), micelles of various shapes
and suspensions of dispersed lamellar and hexagonal phases.

Similarly to the thermodynamic phases as discussed above, liposomes can
undergo several phase transitions and this can be used 1o prepare liposomes with
specific properties. lemperature-sensitive liposomes, for instance, greatly increase
membrane permeability at 1. Papahadjopoulos, 1978). Lamellar to hexagonal 11
phase transition can be used to trigger the release of encapsulated molecules or to
induce fusion. Typically, such bilayers contain dioleoyl phosphatidylethanolamine
(DOPE), which has a tendency to form hexagonal Il phase (b > a), mixed with a
bilayer-forming lipid (@ = 6 ora > b} so that {a) = (), where the angled brackets
designate an average value in a bilayer. Upon depletion of the latter lipid, either by
dissociation or cleavage of part of its polar head, bilayers become unstable and
liposomes break down. Lamellar to micellar phase transition results in liposome
disintegration and can be induced by hydrolysis of fatty acid chains. Let us define
an average packing parameter for the mixed bilayer as () = ¥, Pix;, where x; is the
molar fraction of lipid i with a specific packing parameter £, = b;/a;. Then for the
lamellar to micellar transition (P) is decreasing while for lamellar to hexagonal
transition {P) is increasing compared to () = | that characterizes a stable lamellar

phase.
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Applications of lipids in gene delivery have relied mostly on the use of liposomes
composed of cationic lipids. Some researchers have used simple and mixed micelles
and emulsions, while no data on hexasomes and cubosomes have been published. We
believe that this is due to the fact that cationic liposomes provide the best lipid
dispersal in a metastable bilayer structure which seems to be the most suitable to
induce stable DNA condensation and its protection.

Polymorphism of nucleic acids

We can define several levels of DNA organization simularly to proteins { Bloomfield
etal., 1974; Watson et al., 1983 ). Primary structure encompasses the sequence of bases.
Secondary structure describes the structure of the molecule. Tertiary structure
describes the conformation of DNA in solution. Normally, secondary structure of
DNA is a double helix, which can exist in several conformatons. Tn solution, the B
structure is predominant. In the canonical form ol this structure * Saenger, 1984,
the bases are perpendicular to the axis of the molecule and are 034 nm apart, and
10 of them make one turn of the helix. These parameters can vary for DNA
solution where up to 10.5 base pairs can make a whole turn of the hehix (Sinden,
1994). In the A structure, the bases are tilted with respect to the direction of the
helix and this arrangement vields an internal hole, a wider diameter and, closer
packing. Other conformations, such as the left-handed 7 form. are much more rare.

In isotropic solutions, DNA can be inone of several forms. Lincar molecules are
typically straight on the order of a persistence length “defined as the length of the
molecule containing Kl of elastic energy if bent in a circle with the same radius)
while for longer lengths they form a worm-like random cotl. DNA can also exist in
a circular form. The torsion in this conformation is normally so large that it induces
a break m one strand forming so-called ‘micked” DN The most frequent DNA
conformation in solution, however, is the supercotled state. Te does not form only 1n
the combination with protems, but also occurs in free DN molecules, which are
frequently under- or over-wound. Closed circular DNA has, due to peculiarities of
its synthesis, a constant number of the (interwinding: crossings resulting in
topological constraints, which can be relaxed only by breaking the double helix.
This 1s a general phenomenon with important biological consequences. It seems
that free energy of negative supercoiling catalyzes processes such as DNA
replication and transcription which rely on DNA unwinding Boles et al., 1990).
While the sequence of bases m introns determine the nature of the proteins
synthesized, 1t is not impossible that such structural features in noncoding regions
dictate the temporal and spatial evolution of DNA encoded information.

DNA 1s a macromolecule of macroscopic dimensions. For instance, the human
genome is coded in approximately 3 billion base pairs. which give rise to an
approximately | m-long molecule. Obviously, this molecule has to undergo several
compaction processes in order to fit in an approximately 6 pom cell nucleus. In the
natural environment, basic proteins pack DNA in chromatn structures in which
DNA is organized into well-ordered arrays. In vatro, DNA can be packed into very
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tight and dense structures as well, and we shall introduce below various agents
which can induce DNA packaging. Addition of those agents typically induces
DNA condensation, that is a random coil -globule transition {Bloomfield, 19961
DNA condensation in vitro was observed relatively carly. It was found that
multivalent tons, such as Spc‘rmidinc}', spermin(‘l" (ln(;\IH-,)'{', polylysine,
histones, ecte. can condense DNA| resulting in either rod-like or toroidal
condensates { Bloomtficld 1996). In these studies it was shown that large DNA
molecules could become condensed not only by cations, which shield the repulsion
of the negative charges, but also by neutral polymers which deplete water and crowd
DNA into small pockets osmotically (Podgornik et al., 1995}, Typically, the use of
polyethylene glycol (PEG) and ethanol solution is the casiest way to condense
DNA. The osmotic pressure from the PEG polymer and the reduced actvity of
water, duc to the presence of ethanol, drive the DNA condensation. For a general
introduction o DNA mesophases see the proceedings ol the international
interdisciplinary workshopStructure and function of DNA - a physical approach’
{Abbaye du Mont Saint-Odille, 9/30-10/5, 1996,

Like lipids. DNA, being a primary example of a biological polyelectrolyte
{Oosaw:, 1971, forms highly ordered mesophases such as Iyotropic liquid crystals
once its concentration is raised above a critical value *Rill et al. 19915, Figure 14
shows various liquid eryvstalline phases of DNA, which will be discussed below. But
contrary to the case of lipid mesophases, where the shape of constituent molecules
plays a determining role, the organization of DNA in condensed phases is primarily
a consequence of its relatively large stiffuess { Livolant and Leforestier, 1997 . The
stiffness of a polymeric chain expressed in terms of its persistence length for DNA
amounts to about 500 A ¢ Bloomfield e/ al., 1974 For example. hyaluronic acid.
another ubiquitous biological polyelectrolyte (Elias, 198+ which is far less sufb
than DNA persistence length about 10 Ay makes no ordered mesophases. The
orientational ordering of DNA at high concentrations is promoted mostly by the
interplay - between  entropically  favored  disorder ormisalignment and the
consequent price i terms of the high interaction energy. The mechanism of
orientational ordering is. therefore, the same as in standard short nematogens de
Gennes and Prost, 19931 The main difference being due o the large length of
polymeric chains. The discussion that follows will concentrate on very long. the
order of 1000 persistence lengths, DNAs.

Ordering of DNA can be induced by two alternative mechanisms. First of all
attractive interactions between different DNA segments can be enhanced by
adding multivalent counterions  that promote  ecither counterion  correlation
forces, as was first sugeested by Qosawa (1971), or long-range hydration attraction
(Rau and Parsegian, 1992). Further, addition of alcohol to the bathing solution also
results in decreasing the electrostatic repulsion of DNA segments ( Bloomfield.
1996). In these cases DNA aggregates spontaneously. Alternatively, one can add
neutral crowding polymers to the bathing solution that phase separate from DNA
and exert osmotic stress on the DNA subphase (Podgornik ez al., 1995). In this case
the intersegment repulsions in DNA are simply counteracted by the large externally
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Monoclinical crystal
A-DNA

Columnar hexagonal
B-DNA

Line hexatic

z B-DNA

' & Cholesteric liquid crystal
@ B-DNA

Figure 1.4 A sequence of DNA mcesophases from higher to lower density. Only A-DNA can
be in a crystalline form of 2 monoclinic symmetry. B-DNA can be found in all the lower
density mesophases, i.c. liquid crystalline phases. Although columnar hexagonal DNA
mesophase has not been observed with long DNA it could exist at the upper end of the line
hexatic line. Black lines show the long-range order in different direcuions.

applied osmotic pressure and the DNA is forced to condense under externally
imposed constraints. This is somewhat analogous to a Boyle experiment but with
osmotic pressure playing the role of regular pressure. The main difference being
that regular pressure is set mechanically while osmotic pressure has to be set
through the chemical potential of water, which s in turn controlled by the amount
of neutral crowding polymers (such as PEG, polyvinyl pyrollidone, or dextran) in
the bathing solution (Parsegian et al., 1986).

At very high DNA densities, where the osmotic pressure exceeds 160 atm, DNA
canexistonly in a (poly)crystalline state (Lindsay et al., 1988}. Nearest neighbors in
such an array are all oriented in parallel and show correlated (nucleotide) basc
stacking between neighboring duplexes. This means that there is a long-range
correlation in the positions of the backbone phosphates between different DNA
molecules in the crystal. The local symmetry of the lattice 1s monoclinic. Owing to
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the high osmotic pressure, DNA is actually forced to be in an A\ contormation
characterized by a somewhat larger outer diameter as well as a somewhat smaller
pitch than in the canonical B conformation, which persists at smaller densities. [ the
osmotic pressure of such a crystal is increased above 400 atm. the helix begins to
crack and the sample loses structural homogeneity  Lindsay et al., 1988

On the other hand, lowering the osimotic pressure does not have a pronounced
cffect on the DNA crystal untl we reach a limic of 160 atm. Then the crvstal as a
whole simultancously expands while individual DNA molecules undergo an A B
conformational transition { Lindsay et a/., 1988). T'his phasc transformation is then
first order and, besides being a conformational transition for single DNAs, it is
connected with the melting of the base stacking as well as positional order of the
helices in the latice. The ensuing low-density mesophase, where DNA s in the B
conformation, is characterized by a short-range base stacking order, short-range
2D positional order, and a long-range bond orientational order  Podgornik ef al.,
19965 This order 1s connected with the spatial direction of the nearest neighbors
iStrandburg, 1991, [tis for this reason that this phase has been termed line hexatic
phase {or hexatics) usually arising only 1 2D systems being characterized by
long-range bond orientational order. It 1s also possible that there is a hexatie -
hexagonal columnar transition somewhere along the hexatie line, although direct
experimental proof'is lacking at this pomnt. The difference hetween the two phases is
that the hexagonal columnar phase also has a long-range positional order, so it is a
real 2D erystal {see Figure L4 Durand ef o/ 1992 Tt is the long-range bond
orientational order that gives the line hexauie phase some crystalline character
CHarris et al  1977). The DNA duplexes are stll packed in pavallel, while the local
svinmetry perpendicular to the long axes of the molecules is changed o hexagonal.
The directions of the nearest neighbors persist through macroscopic dimensions ron
the order of mmy while their positions already tend o become disordered after
several ctypically from five to 10 Tatiee spacings. This mesophase has a
characteristic Xeray scattering fingerprint. I the Neray beam is directed parallel
to the long axis of the molecules 1 will show an hexagonally svimetric diftraction
pattern ol broad liquid-like peaks t Chatkin and Lubensky, 1995

Tipical lattice spacing in the line hexatic phase are between 20 and 35 A or
equivalently between 600 and 300 mgyml of DNAG  Podgornik ef al., 19965, The
large repulsion forces stemming from the removal of water from the phosphates of
the DNA backbone mostly determine the free energy in this mesophase. Hydration
torces ( Rauetal. 19841 at these large densities arve typically independent of the ionie
strength of the bathing solution, depend  exponentially on the interhelical
separation, and decay with a decay length of about 3 A Leikin et al., 1993

When the osmotic pressure is lowered o approximately 10 atm corresponding to
interaxial spacing of about 35 A or a DNA density of about 300 mo ml. the
characteristic hexagonal X-ray diffraction fingerprint of the line hexatic
mesophase disappears continuously. This suggests a continuous second order
transition into a low-density cholesteric phase  Podgornik ef al., 19961 "T'his phase
is characterized by a short-range (or effectively no rangel base stacking order,
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short-range positional order, short-range hond ortentational order, but long-range
cholesteric order, mantfested in a continuing rotation of the long axis of the
molecules in a preferred direcuon. In this sense the cholesteric DNA mesophase
would retain the symmetry of a D crystal. The X-ray diffraction pattern of the
DNA in the cholesteric phase is isotropic and has the form of a ring. Crossed
polarizers, however, reveal the existence of a long-range cholesteric order as in
short chiral molecules (Podgornik ef «/., 1995}, Tt 1s only at this low density that the
chiral character of the DNA finally makes an impact on the symmetry of the
mesophase. Itis not yet fully understood why the chiral order is effectively screened
from the high-density DNA mesophases ( Harrisetal., 1977).

The free energy of the DNA cholesteric mesophase appears to be dominated by
the large, elastic shape fluctuations of the DNA molecules that leave their imprint in
the very broad Xeray diflraction peak (Strey et al., 1998} Instead of showing the
expected exponential decay characteristic ol sereened electrostatic interactions
CFrank-Kamenewskin ef al., 19870 where the decay length is equal to the Debye
length, it shows a fluctuation-cnhanced repulsion similar to the Helfrich foree
existing in the flexible smectic multilamellar arrays ( Lipowsky, 19953 The action
ol the fluctuations s twotold: they boost the magnitude of the existing screened
clectrostatic repulsion while at the same ume extending its range through a
modificd decay length equal to four tmes the Debye length. This enhancement in
the range of the repulsive foree s a consequence of the coupling between the bare
clectrostatic repulsions of exponential type and the clastic shape fluctuations,
described through clastic curvature energy proportional to the square of the
second derivative of the local hehix posttion - Podgornik and Parsegian, 1990; Strev
et al., 1998 . 'The similarity of the free energy behavior of the smectic arrays with
repulsive interactions of Helfrich tvpe and the DNA arrays in the cholesteric
phase. that can be understood i the framework of the Helfrich-tvpe enhanced
repulsion. represents a conststency test for our understanding of flexable super-
molecular arravs.

With DN atsull smaller densities the predominance of the chiral interactions in
the behavior of the systems are preserved. Recent work on the behavior of low-
density DNA mesophases indicates that the cholesteric part of the phase diagram

might end with a sequence of blue phases, emerging as a result of the loosened

packing constraints coupled to the chiral character of the DNA molecule
(Leforestier and Livolant, 19945, At a DNA density of about 10 mg /ml. the
cholesterie phase line would end with DNA reentering the isotropic liquid soluton
where 1t remains at all subsequent densities, except perhaps at very small 1onic
strengths - Wang and Bloomfeld, 1991,

As alrcady noted, DNA can be condensed efficiently in solution with multivalent
cations, alcohol, basic proteins, or cationic liposomes (Bloomfield, 19961 In all
these cases. however, aside from inducing the condensation of DNA, the con-
densing agents also effectively perturb the mesoscopic as well as macroscopic
structure of the ensuing condensed phases @ Bloomfield, 1991). Therefore, mulu-
valent cations would tend to organize condensed mesophases into macroscopic
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aggregates of a toroidal shape, while alcohols at low volume percent would tend 1o
favor rod-like macroscopic aggregates. However, neither polyvalent cations nor
alcohols significantly perturh the microscopic structure of the condensed DNA
solution ( Bloomticld, 1996, It is suill locally hexagonally packed and has the same
free energy as if condensed exclusively by counteracting osmotic pressure. The
situation in the case of condensation by cationice liposomes is very much different.

Interactions of micelles and liposomes with nucleic acids

Thermodynamic parameters can quantitatively explain the hehavior of simple
solutions and solids. However, both isotropic solutions of DNA and liposomes are
colloidal dispersions and. therefore. during their interaction. kinetic factors are, in
addition to thermodynamics. also very important. While there are not many
interactions between DN and neutral or anionic liposomes, interaction with
cationic liposomes changes the morphology of both reactants.

We have characterized the DNA cationic liposome interactions, and the
behavior of the structure of the resulting semi-solid colloidal particles, as a
function of thermodynamic parameters, such as concentration. temperature, ionic
strength, surface charge ' pK . and pH. Phase diagrams of DN Lipid complexes in
the phase space of DNA and catonic liposome concentration were determined

Lasic, 1997) As expected. higher reactant concentrations and ionic strengths
resulted i more precipitation. Additonally, however, a strone kinetic component
has been noticed. Te was found that the kineties of mixine, as well as the order of
mixing of the two solutions. could give rise to irreversible and path-dependent
flocculation or precipitation. Qualitative explanations as to the rate and order of
mixing have been postulated. Brieflv, in the phase diagram DN cationic
liposome precipitation occurs around the electrical neutralioy diagonal. o prepare
stable complexes oneither side of the diagonal, mixing should be performed in such
a way that the solubility gap should not be crossed. This means that the minor
component, with respect to the charge, always has to be added into the major one.
Also. 1t was shown that quick dispersal assures the least precipitation. This was
qualitatively explained by the formation of a very large number sudden burst') of
small crystallization/nucleation embryo which give rise to many small complexes as
opposed to growth closer to the thermodynamic equilibrivnn which results in the
tormation of fewer larger particles - Lasic, 1997),

A very interesting observation was that an excess of DNA solution can dissolve
multlamellar vesicles, 1.e. upon adding DNA into a turbid solution of large
multilamellar (or oligolamellar vesicles the turbidity disappears. This probably
indicates that DNA can dissolve and disintegrate large liposomes. The structure of
such solutions has not yet been determined. Preliminary analvses point to DNA
helices ipartially) coated by lipid tubes. The interaction of oppositely charged
colloidal solutions have been extensively studied (Li e/ al.. 1994 Kabanov and
Kabanov, 1995). However, most studies involved simple precipitation boundaries
without the detailed studies of particles, as in the case ol DNA and cationic
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liposomes. Only a few clectron microscopic studies of DNA- lipid complexes have
heen published (Sternberg et al., 1991 Gustatsson et al., 1995; Sterneberg. 1996
They report on undefined colloidal aggregates, occasionally surrounded by a halo
of thin fibers. Detailed analyses established that spherical structures are aggregated
liposomes and the thin fibers are lipid-coated DNA helices - Sternberg et al., 1994
Sternberg, 19965, Figure 1D shows a freeze fracture electron micrograph of such a
particle.

Following these and other studics several models of DNA-lipid aggregates
“genosomes’ | have been postulated  Figure 161 So far none of these structures has
been substantiated by more than one independent experiment. We can, however,
divide the published structures into two groups: (1, dense condensed aggregates,
and 20 heterogeneous systems containing spherical aggregates and  fibrilar
structures. The latter structures were observed predominantly in the 33002 VOV

Figure 1.5 reeze fracture micrograph of a DC-Chol DOPLE3:20 DNA complex.
Globular ageregates and lipid coated fibrils can e seen. (Courtesy ol Bo Sternberg,
Fricdrich Shiller University, Jena, Germany.
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Figure 1.6 Schematic presentation of genosome models. Top Lett stoichiometric model, in
which DNA 15 adsorbed hetween cationie liposomes - Felgner and Ringold, 1989 . Top right:

cationic lipid coats condensed DNABehr, 1993 . Bottom lefi: DN induces liposome fusion.

condenses, and becomes encapsulated i lipid bilaver - Gershon et el 199310 Bottom right:
aggregated liposomes with attached fibers of DNA encapsulated i a bilaver lipid evlinder
Sternbergetal., 1994,

dimethylaminoethanc-carbamovl]cholesterol +DC-Chol - DOPE - DNA - systems
and were shown to be DN cncapsulated into a tube of lipid - Sternbergetal. 1994,

[tis possible that the explanation of the appearance of those different structures is
rather simple. DC-Chol cannot effectively condense DNA because, as a result of its
pK value of approximately 6 7 (Zuidam and Barenholz, 1997 . it has insuflicient
charge density at physiological conditions. Therefore, while the lipid coats DNA
and DNA fibers aggregate some liposomes, the charge density is sall not high
enough to cause effective DNA condensation. Fibrils have also been seen with other
monovalent cationic lipids such as N-[1-(2 3-diolevloxy propyl |- V.V A-trimethyl-
amonium chloride (DOTMA} and 1,2-dimyristyloxypropyl-3-dimethyl-hydroxy-
ethyl ammonium bromide  DMRILE), which are quaternary ammonium salts
[Sternberg et al., 1994). However, if complete neatralization and condensation
occur, DNA tends to form dense aggregates which are often characterized by
lamellar symmetry. Such structures were characterized by Ne-ray scattering and
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high-resolution crvo-clectron microsopy (Podgornik R, Frederitk PN Lasie DD
unpublished data, 1994 Lasic ef al_, 1996, 1997). Figure 1.7 shows a cryo-clectron
micrograph of a complex, which 1s characterized by mtercalated  lamellar
symmetry. Recent work CLasic et al (1996; Radleretal., 1997, Lasic et al., 1998) has

structures is a rather general phenomenon observed

shown that formation of thes
with a variety of cationic lipids and liposomes. Further, these complexes can be
stabilized by replacing DOPLE with cholesterol, condensation with spermidine, or
inclusion of PEGylated phospholipids, while retaining high transfection activity i
vivo CLauaetal. 1996).

Condensed phases of (cationie) lipid bilayers and DNA belong to two difterent
svimmetry, as well as dimension, classes (Lasic et al., 19971 Lipids condense into
one ol the several varieties characterized by etther cubic, hexagonal, or smectic
svmmetry. Hexagonal mesophases of ipids are characterized by a 2D crystalline
order perpendicular to the long axes of either lipid or water tubules, while smectic
mesophases are characterized by a ID quasi-crystalline order in the direction
perpendicular to the bilayver surfaces and a 2D liquid order within the smecte
lavers. In the cases of lipid and DNA interactions the smectic-like lipid arravs
‘clash” with the ordering tendencies of condensed DNA that prefers local hexagonal

Figure 1.7 Cryo-clectron micrograph of a dioctadecyldimethyl ammonium bromide -
cholesterol I:1) DNA complex charge rato 2/1). The separation between famellac s
around 6.5 nm, which represents a hipid bilaver with DNA adsorbed nasingle plane in 2.
Courtesy of P Frederik, Limburg University, Maastricht, The Netherlands,
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symmetry. [ewas recenthy established  Lasie of af, 1997 that the resule of these
opposing ordering tendencies is the lowering of the eftective dimension order ol the
condensed DNA phase. Instead of remanung ma 3D locally hexagonally packed
line hexate phase DNA bhecomes mntercalated between smectic planes ol lipid
bilavers, so that DNA molecules are packed messentiallyv parallel domains. s o
result the dimensional order changes from w 3D line hexatic into something that

shows roughly a 2D smectic symmetrys Figure L8 shows a molecular graphics

Figure 1.8 Structure of the DNA and catome lipid complex Lasic et al., 19970 DNA s
mtercalated hetween smecte planes composed ot Tipid bilayers. Bilayvers form a famella
structure. The 2D condensed DNA IS adsorbed and sandwiched between the bilavers.
Courtesy of M. Hodoseek, National Institute of Chemisoeys Ljubljana, Slovenia.
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representation ofan intercalated lamellar phase consisting of smectic bilavers with
sandwiched 2D condensed DNAL As in the case of lipid bilavers. this 2D smectic
order is expected 1o show a 1D quasi-crvstalline order perpendiculiar o the long
axes ol the DN molecules, which is notobserved for a 3D smectic order, This line
olthoughtis reasonably well borne out by the results of experiments. sugeesting that
the mtercalated DNA contributes an additional peak 1o the scattering function of
the ipid - DNA aegregates.

The electrostatic interactions bhetween the DNA and cationic lipids evidently
contribute to the effective lowering of the dimension order of the condensed DNA
phase interacting with the smectic ordered cationic lipid arvays. Tn this case. the
cnergy of the clectrostatic binding of oppositely charged DNA and liprd molecules
has to be accounted for along with the symmeny considerations for the combined
ordering of DNAand Tipids. Intercalation of DNA i this perspective serves two
hasic purposes. Frrse DNA condenses into an ordered phase. which looks, except
for the lower dimension order, quite similar o other condensed forms of DN ¢ e,
condensed v osmotic pressure or simple multivalent counterions . Second. the
large negative charge of DNA effectively newtralizes the repulsive forees hetween
positively charged lipid bilavers in the smectic arrav and thus stabilizes the
complex.Theretores neatralizing the destabilizing electrostatic eflects i the hipid
array proper apparently compensates the lowering of the dunension order of the
DNAwithin the lipid avvay. This quid pro quo actually contains some additional
detarls i terms of the balance of Torees that ave described below.

Ax discussed methe previous section, the clastic shape Huctuations of the DN
molecules determine the bulk of the free energy i the cholesteric phase. where
DNA sull retains although very locally: an hexagonal order Strev edal. 1998
Stmilar forces also act between molecules 2D sheets intercalated between lipad
bilavers imthe lipid - DNA comples. The presence of strong elastic fluctuations can
heascertaimed from the width of the DNA diffraction peak inthe complexcaswell as
trom the conformational snapshots provided by the strong adsorption of DNA 0
mici-immobilized cationic lipid bilavers  Fane and Jie, 1997 0 Elastic shape

Huctuatons of the DNA molecules within the intercalation planes result moan

cntropy contribution o the free energy of the system that force DNA chains apart.
However, this tendency o lower the density of intercalated DNA is offset by the
clectrostatic attraction between the positive charges ol lipids and negative charoes
i the DNA backbone that tend o increase the density of intercalated DNAL T s
unclear at dhis point whether Helfrich-like interactions Lipowsky 1995 hetween
the fluctuating lipid bilavers would contribute to the overall cenergy balance. To s
more probable that hipid bilayvers with intercalated DNA fluctuate onlv throueh
collective undulations preserving  the  separation between the bilavers st
ctfectively by the diameter of the DNAL Also the ordered state of intercalated DNA
would invariably lead o a direction-dependent curvature elastic constant ol the
Lavers, sinee it is casier to bend the bilaver with adsorbed ordered DNA in the

dircetion perpendicular o the DNA axis,
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DNA 15, of course, a chiral molecule because ol its helical structure rde Gennes
and Prost, 19935 This means that atsufhiciently high densities DNA tends o form a
cholesterie Tiqquud crystalline phase  Livolant and Leforestier, 1997, These DNA
densities are comparable to the densities of DNA in the genosome « Lasic of al.,
1997 Radleret ol 1997, However, no cholesteric textures have been observed for
genosomes under crossed polarizers. Tt appears that chiral interactions are strong
cnough o induce cholesteric order in bulk DNA but not in DN intercalated
beoween multlametlar lipid bilayvers. Such a system would show characteristics of
a smectic with an in-plane clastic stiffness tensor that would rotate like a
cholesterie divector, It remais 1o be scen exactly how chiral interactions between
DNA molecules couple o the smectie lipid order in genosomes ¢ Podgornik and
ks, 1997

The above analysis obvioushy apphies o a thermodynamically stable end-state of
the DNA canonie lipid complexes. There are probably many  dyvnamically
constrained precursor states that form during interaction of DNA with cationic
liposomes. Tn such systemis: strong interactions between the DNA and liposome
surface could resule e opening up the closed Tipid bilayers vielding some new
multilamellar arrangements with imtercalated DNALD A present the attempts o
identify those possibly numerous nonequilibrium states, which precede the final
intercalated mulilamellar arrangement. do not go far bevond speculation,
However, those structures probably represent relatively stable kinetie “traps.” In
practice, DN Hipid complexes can he stable i Liquid form for months and in
frecze-dried form for vears.

[u conclusion, lipids and DNA exhibic vich polvmorphism. which is also vetlected
m and governs: then imteractions. Furthermore, 1c s this polymorphism which
allows the production lipid - DNA svstems effective (or gene delivery: While many
researchers ave trving o improve transtection by synthesizing novel cationic lipids.
we believe that the control over colloidal properties of DNA Tipid complexes is at
least as important as the synthests of new molecules. This elaim is strengthened by
the fact that despite a decade of work no clear molecular structure transtection
activity  correlation have been found for lipid-based  transtection svstems,
espectally tor oo applications. Furthermore, insome cases enhanced tansfecton
canbe related simply to the detergent activity of the Tipids. On the other hand. some
clear colloidal structure transfection actuvity relationships have been observed
with lipid-based transfection « Lasic 19970 Hong ef al. . 1997 Templeton et al.. 1997 .
[n this chapter we tried to present and discuss colloidal properties of lipids. DNA.
and their complexes, which are a consequence of various attractive and repulsive
mteractions as well as liquid crystalline behavior of both reactants. We believe that
the mmproved understanding of the thermodynamics and kineties of these
complexes will contribute significantly o the design of transfection delivery
vehicles with improved properties.
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